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Abstract 

' Torque and magnetization measurements in magnetic fields H up to 14 T were performed on CeCoIns single crystals. The amplitude 
^ of the paramagnetic torque shows an H^'^ dependence in the mixed state and an dependence in the normal state. In addition, 
. the mixed-state magnetizations for both H \\ c and H \\ ah axes show anomalous behavior after the subtraction of the corresponding 
paramagnetic contributions as linear extrapolations of the normal-state magnetization. These experimental results point towards 
a nonlinear paramagnetic magnetization in the mixed state of CeCoIns, which is a result of the fact that both orbital and Pauli 
^ limiting effects dominate in the mixed state. 

Key words: torque; magnetization; paramagnetism 
Q PACS: 71.27.+a, 74.70.Tx, 75.30.Mb, 74.25. Ha 
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' The recently discovered CeCoIns heavy ferniion mate- 
rial is an unconventional superconductor. A magnetic field 
destroys superconductivity by coupUng to either the orbits 
(orbital Hmiting) or the spins of the electrons (Pauli limit- 
ing). The Pauli limiting effect dominates the low temper- 
ature and high field region of this system, as evidenced by 
the discovered Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) 
state |ll2j . One expects an unusual mixed state in which 
diamagnetic and paramagnetic contributions could become 
anomalous since both orbital and Pauli limiting effects are 
fequally important. 

Torque and magnetization measurements were per- 
formed on CeCoIns single crystals in a magnetic field H up 
to 14 T, both in the normal and mixed states. The single 
crystal for which the data are presented here has a zero- 
field superconducting transition temperature Tco = 2.3 K. 

Angular dependent torque was measured using a piezore- 
sistive torque magnetometer. The sample was rotated in an 
applied magnetic field between H || c axis {9 = if') and H || 
a axis (6 = 90"). Torque gives the transverse magnetic mo- 
ment since t = M x H . Typical angular dependent torque 
data in the normal state are shown in Fig. 1(a). The data 
can be well fitted, as indicated by the solid line, with 
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where r™°^ is the amplitude of the normal-state torque. 
The inset to Fig. 1(a) shows that t™°^ oc H^. This mag- 
netic field dependence of the torque is a result of the H de- 
pendence of the normal-state paramagnetism of the heavy 
electrons: i.e., of r„ = (l/2)(xa - Xc)H'^ sin 20 [3]. 

The heavy electrons also contribute to the mixed-state 
paramagnetism. The mixed-state torque displays hystere- 
sis, so it has both reversible and irreversible parts. The re- 
versible torque is calculated as the average of the torque 
measured in increasing and decreasing angle. Shown in Fig. 
1(b) is the angular dependent reversible torque measured 
in the mixed state, which is composed of paramagnetic and 
vortex contributions; i.e., Trev{0) — t^ + t^, where t^, is de- 
scribed by Kogan's model [4]. Hence, 
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where r™""^ 

torque in the mixed state, j3 



p represents the amplitude of the paramagnetic 
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\V is the volume of 



the sample, /xq is the vacuum permeability, Xab{ —787 nm, 
see Ref. [3]) is the penetration depth in the ab plane], 7 = 
y^rric/ma, {rric and are the effective mass for c and a 
directions, respectively), e{9) = (sin^ 6* -t- 7^ cos^ 9y^^, -q is 

lie. 

a numerical parameter of the order of unity, and iJ^2 is the 

upper critical field parallel to the c-axis 

T]. The soHd line in Fig. 1(b) is the fit of the data with Eq. 



(2). The inset to Fig. 1(b) shows that r^^ 
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Fig. 1. Angular d dependent (a) normal-state torque r„ and (b) 
mixed-state reversible torque Tre.v measured at a temperature 
T = 1.9 K and magnetic field _ff of 14 T and 0.4 T, respectively. The 
solid lines are fits of the data with Eq. (1) and (2), respectively. In- 
sets: H dependence of the amplitude of the normal-state r™"^ and 
paramagnetic r^"^ torques. The solid line is a fitting curves. 

fact that the paramagnetic contribution to the mixed-state 
torque is not proportional to fP' imphes that the mixed- 
state paramagnetism is not a simple extrapolation of the 
normal-state paramagnetic magnetization, i.e. not a linear 
function of H . 

To get further evidence of this fact, we also performed R 
dependent magnetization measurements on CeCoIns. The 
insets to Figs. 2(a) and 2(b) show the H dependence of 
measured magnetization Mmes for || candi? || a axis, re- 
spectively. The diamagnetic magnetization can be obtained 
by subtracting the paramagnetic contribution from Mmes 
in the mixed state; i.e.. Mi = Mmes — Xc,aH . Here we as- 
sume that the paramagetic magnetization is just a simple 
extrapolation of the normal state magnetization. A plot of 
Ml vs H is shown in Figs. 2(a) and (b) for two H direc- 
tions. The obtained diamagnetic response is anomalous for 
both field orientations. The Mi{H) curves show kinks, as 
indicated by the circles. A typical diamagnetic curve has no 
kinks in it. So, magnetization measurements provide fur- 
ther evidence that the assumption that the paramagnetic 
magnetization in the mixed state has the same linear field 
dependence as in the normal state is not correct and that 
there must be other contributions to the mixed-state mag- 
netization. This conclusion is consistent with the theoreti- 




20 40 

H (kOe) 



Fig. 2. Magnetic field H dependence of magnetization Mi for (a) 
H|| c axis and (b) H \\ a axis measured at 2 K. Insets: H dependence 
of the measured magnetization M^e^ at T = 2 K and T = 1.76, 2, 2.1 
K, respectively. For clarity, the curves for 2, and 2.1 K are shifted 
by 0.05, and 0.1 emu/g, respectively. 

cal calculations of Adachi et al. [5] for superconductors in 
which both Pauli and orbital limiting effects are important. 

In summary, both angular dependent torque and magne- 
tization measurements were performed on CeCoIns single 
crystals. The amplitude of the mixed-state torque has no 
longer an dependence, as in the normal state. The H de- 
pendent diamagnetic magnetization curves are anomalous 
if we subtract the paramagnetic contribution in the mixed 
state as an extrapolation of the normal state. Both experi- 
ments indicate that the paramagnetism in the mixed state 
is no longer a linear function of H. The nonlinear paramag- 
netic magnetization is a result of the fact that both orbital 
and Pauli limiting effects dominate in this system. 
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